DNA is an ultra-high-density storage medium that could meet exponentially growing 1 worldwide data storage demand. However, accessing arbitrary data subsets within exabyte-2 scale DNA data pools is limited by the finite addressing space for individual DNA-based 3 blocks of data. Here, we form files by encapsulating data-encoding DNA within silica 4 capsules that are surface-labeled with multiple unique barcodes. Barcoding is performed 5 with single-stranded DNA representing file metadata that enables Boolean logic selection on 6 the entire pool of data. We demonstrate encapsulation and Boolean selection of sub-pools of 7 image files using fluorescence-activated sorting, with selection sensitivity of 1 in 10 6 files per 8 channel. Our strategy in principle enables retrieval of targeted data subsets from exabyte-9 and larger-scale data pools, thereby offering a random access file system for massive 10 molecular data sets. 11 12 DNA is the polymer used for storage and transmission of genetic information in biology. In 13 principle, DNA can also be used as a medium for the storage of arbitrary digital information at 14 densities far exceeding existing commercial data storage technologies and at scales well beyond 15 the capacity of current data centers 1 . Ongoing advances in nucleic acid synthesis and sequencing 16 technologies also continue to reduce dramatically the cost of writing and reading DNA, thereby 17
for ease of chemical synthesis and sequencing. Sequence fragments were then assembled to 23 reconstruct the original, encoded information. 24 While significant research effort has focused on improving DNA synthesis and encoding 25 schemes, an additional, crucial aspect of digital data storage and retrieval is the ability to access 26 specific subsets of a data pool on demand, which is conventionally achieved using polymerase 27 chain reaction (PCR) 8,10,12 . PCR-based strategies take advantage of the ease of replication of DNA 28 to extract specific DNA sequences from a DNA data pool using custom-designed forward and 29 reverse primers that are complementary to the flanking sequences of interest. Nested addressing 30 barcodes [13] [14] [15] can also be used to uniquely identify files using multiple barcodes. For an exabyte-31 scale data pool, each file requires at least four barcodes, or up to one hundred nucleotides in total 32 barcode sequence length, thereby nearly eliminating the number of nucleotides that can be used 33 for data encoding. Further, orthogonality of barcodes to other barcodes and file sequences present 34 in the data pool is essential for reliable data access. To overcome these limitations, previous 35 approaches have used spatial segregation of data into distinct pools 16 . While PCR is typically 36 known for its ease of amplifying specific DNA sequences, errors in priming via strand crosstalk 37 can lead to information loss. In addition, selective amplification of a specific file using PCR 38 requires access to the entire data pool for each query, which is also destructive to the sample 39 queried. Finally, PCR-based approaches do not allow for physical deletion of specific files from a 40 data pool, other than implementing an address overwrite 10 . 41
As an alternative to PCR-based data access, inspired by genomic segmentation within 42 biological cells, here we physically encapsulate and thereby isolate DNA-based molecular data 43 within discrete silica capsules, which we subsequently label to enable random access of the data 44 pool via hybridization and subsequent optical selection. Each unit of information encoded in DNA 45 4 we term a file, which includes both the DNA encoding the main data as well as any additional 46 components used for addressing, storage, and retrieval. Each file contains a file sequence, 47 consisting of the DNA encoding the main data, and addressing barcodes, or simply barcodes, 48 which are additional short DNA sequences used to identify the file in solution using hybridization. 49
We refer to a collection of files as a data pool or database, and the procedures for storing, 50
retrieving, and reading out files is termed a file system (see Supplementary Section S0 for a full 51 list of terms). 52
As a proof-of-principle of our file system, we encapsulated 3,000-nt plasmids encoding 85-53 byte images, the files, within monodisperse, 6-µm spherical silica particles that were chemically 54 surface-labeled using up to three 25-mer single-stranded DNA (ssDNA) oligonucleotides, the 55 barcodes, chosen from a library of 240,000 orthogonal primers, allowing identification of up to 56 ~10 15 possible distinct files using only three unique barcodes per file 17 (Fig. 1) . Twenty icon-57 resolution images were chosen in the data pool to represent diverse subject matter including 58 animals, plants, transportation, and buildings, and labeled with DNA barcodes that represent the 59 categories to which each image belongs ( Supplementary Fig. 1 ). Fluorescence-activated sorting 60 (FAS) was used to select target subsets of the complete data pool by first annealing fluorescent 61 oligonucleotide probes that are complementary to the barcodes, in order to address the DNA 62 database 18 . Retrieval of specific, individual files and collections of files described by Boolean 63 AND, OR, and NOT logic was achieved using combinations of distinct barcodes to query the data 64 pool. Because physical encapsulation separates file sequences from barcodes used to describe the 65 encapsulated information, our file system offers highly specific, robust data retrieval operations; 66 the ability to delete specific subsets of data; in addition to long-term environmental protection of 67 encoded file sequences via silica encapsulation 9,19,20 . While we apply our proposed file system to 68 5 a prototypical kilobyte-scale image database here, our approach is fully scalable to massive 69 molecular data pools at the exabyte-and larger-scales, as well as alternative encapsulation 70 strategies 21,22 , barcode implementations 23-27 , and physical or other sorting strategies using 71 biochemical affinity, optical, or other labeling approaches [28] [29] [30] . 72 73
File Synthesis 74
Digital information in the form of 20 icon-resolution images was stored in a data pool, with each 75 image encoded into DNA and synthesized on a plasmid. We selected images of broad diversity, 76
representative of distinct and shared subject categories, which included several domestic and wild 77 cats and dogs, US presidents, and several human-made objects such as an airplane, boats, and 78 buildings ( Fig. 1 and Supplementary Fig. 1 ). To implement this image database, the images were 79 substituted with black-and-white, 26 × 26-pixel images to minimize synthesis costs, compressed 80 using run-length encoding, and converted to DNA ( Supplementary Fig. 1, 2) . Following 81 synthesis, bacterial amplification, and sequencing validation ( Supplementary Fig. 3 ), each 82 plasmid DNA was separately encapsulated into silica particles containing a fluorescein dye core 83 and a positively charged surface 19, 20 . Because the negatively charged phosphate groups of the 84 DNA interact with positively charged silica particles, plasmid DNA condensed on the silica 85 surface, after which N-[3-(trimethoxysilyl)propyl]-N,N,N-trimethylammonium chloride 86 (TMAPS) was co-condensed with tetraethoxysilane to form an encapsulation shell after four days 87 of incubation at room-temperature 9,20 ( Fig. 2a) to form discrete silica capsules containing the file 88 sequence that encodes for the image file. Quantitative PCR (qPCR) of the reaction supernatant 89 after encapsulation ( Supplementary Fig. 4 ) showed full encapsulation of plasmids without 90 residual DNA in solution. To investigate the fraction of capsules that contained plasmid DNA, we 91 6 compared the fluorescence intensity of the intercalating dye TO-PRO when added pre-versus post-92 encapsulation ( Supplementary Fig. 2 ). All capsules synthesized in the presence of both DNA and 93
TO-PRO showed a distinct fluorescence signal, consistent with the presence of plasmid DNA in 94 the majority of capsules, compared with a silica particle negative control that contained no DNA. 95
In order to test whether plasmid DNA was fully encapsulated versus partially exposed at the 96 surface of capsules, capsules were also stained separately with TO-PRO post-encapsulation ( Fig.  97   2b) . Using qPCR, we estimated 10 6 plasmids per capsule assuming quantitative recovery of DNA 98 post-encapsulation ( Supplementary Fig. 5 ). 99
Next, we chemically attached unique content addresses on the surfaces of silica capsules 100 using orthogonal 25-mer ssDNA barcodes ( Supplementary Fig. 6 ) describing selected features of 101 the underlying image. For example, the image of an orange tabby house cat ( Supplementary Fig.  102 1) was described with cat, orange, and domestic, whereas the image of a tiger was described with 103 cat, orange, and wild ( Supplementary Fig. 1 and Supplementary Table 2 ). To attach the 104 barcodes, we activated the surface of the silica capsules through a series of chemical steps. 105
Condensation of g-aminopropyltriethoxysilane with the hydroxy-terminated surface of the 106 encapsulated plasmid DNA provided a primary amine chemical handle that supported further 107 conjugation reactions ( Fig. 2c) . We modified the amino-modified surface of the silica capsules 108 with b-azidoacetic acid N-hydroxysuccinimide (NHS) ester followed by an oligo(ethylene glycol) 109 that contained two chemically orthogonal functional groups: the dibenzocyclooctyne functional 110 group reacted with the surface-attached azide through strain-promoted azide-alkyne cycloaddition 111 while the NHS ester functional group was available for subsequent conjugation with a primary 112 amine. Each of the associated barcodes contained a 5'-amino modification that could react with 113 the NHS-ester groups on the surface of the silica capsules, thereby producing the complete form 114 7 of our file. Notably, the sizes of bare, hydroxy-terminated silica particles representing capsules 115 without barcodes were comparable with complete files consisting of capsules with barcodes 116 attached, confirmed using scanning electron microscopy ( Fig. 2d and 2e, left) . These results were 117 anticipated given that the encapsulation thickness was only on the order of 10 nm 20 and that 118 additional steps to attach functional groups minimally increases the capsule diameter. We also 119 observed systematic shifts in the surface charge of the silica particles as different functional groups 120 were introduced onto their surfaces ( Fig. 2e) . Using hybridization assays with fluorescently-121 labelled probes 31-33 , we estimated the number of barcodes available for hybridization on our files 122 to be on the order of 10 8 (Supplementary Fig. 7) . Following synthesis, files were pooled and 123 stored together for subsequent retrieval. Illumina MiSeq was used to read each file sequence and 124 reconstruct the encoded image following selection and de-encapsulation, in order to validate the 125 complete process of image file encoding, encapsulation, barcoding, selection, de-encapsulation, 126 sequencing, and image file reconstruction (Supplementary Figs. 9, 10) . 127 128
File Selection 129
Following file synthesis and pooling, we used FAS to select specific targeted file subsets from the 130 entire data pool. All files contained a fluorescent dye, fluorescein, in their core as a marker to 131 distinguish files from other particulates such as spurious silica particles that nucleated in the 132 absence of a core or insoluble salts that may have formed during the sorting process. Each detected 133 fluorescein event was therefore interpreted to indicate the presence of an individual file at 134 sufficiently low concentrations queried using FAS (Supplementary Fig. 11 ). For any query 135 applied to the entire image database, a fluorescently-labelled ssDNA probe hybridized to its 136 complementary barcode displayed externally on the surface of the silica capsule (Fig. 3a) . 137 8 We subjected the entire data pool to a series of experiments to test selection sensitivity of 138 target subsets using distinct queries. First, we evaluated single-barcode selection of an individual 139 file, specifically Airplane, out of a pool of varying concentrations of the nineteen other files as 140 background (Fig. 3b) . To select the Airplane file, we hybridized an AFDye 647-labelled ssDNA 141 probe that is complementary to the barcode flying, which is unique to Airplane. We were able to 142 detect and select the desired Airplane file through FAS even at a relative abundance of 10 -6 143 compared with each other file (Fig. 3c) . 
Boolean Search 151
Aside from selecting single files, Boolean logic can be used to select a specific subset of the data 152 pool. We demonstrated AND, OR, and NOT logical operations by first adding to the data pool 153 fluorescently-labelled ssDNA probes that were complementary to the barcodes (Fig. 4, left) . This 154 hybridization reaction was used to distinguish one or several files in the data pool, which were 155 then sorted using FAS. We used two to four fluorescence channels simultaneously to create the 156 FAS gates that executed the target Boolean logic queries (Fig. 4, middle) . To demonstrate a NOT 157 query, we added to the data pool an AFDye 647-labelled ssDNA probe that hybridized to files that 158 contained the cat barcode. Files that did not show AFDye 647 signal were sorted into the NOT cat 159 subset (Fig. 4a) . An example of an OR gate was applied to the data pool by simultaneously adding 160 9 dog and building probes that both had the TAMRA label (Fig. 4b) . All files that showed TAMRA 161 signal were sorted into the dog OR building subset by the FAS. Finally, an example of an AND 162 gate was achieved by adding fruit and yellow probes that were labelled with AFDye 647 and 163 TAMRA, respectively. Files showing signal for both AFDye 647 and TAMRA were sorted into 164 the fruit AND yellow subset in the FAS (Fig. 4c) . For each example query, we validated our sorting 165 experiments by releasing the file sequence from silica encapsulation and sequencing the released 166 DNA with Illumina MiniSeq (Fig. 4, right) . Sort probabilities of each file for each search query 167 are shown in Supplementary Figs. S22-S24 . 168
The preceding demonstrations of Boolean logic gates enable sorting of files with varying 169 specificity of selection criteria for the retrieval of different subsets of the data pool. FAS can also 170 be used to create multiple gating conditions simultaneously, thereby increasing the specificity of 171 file selections. To demonstrate increasingly complex Boolean search queries, we selected the file 172 containing the image of Abraham Lincoln from the data pool, which included images of two 173 presidents, George Washington and Abraham Lincoln. The president ssDNA probe, fluorescently-174 labeled with TAMRA, selected both Lincoln and Washington files from the data pool. The 175 simultaneous addition of the 18 th century ssDNA probe, fluorescently-labeled with AFDye 647 176 ( Fig. 5a, left) , discriminated Washington, which contained the 18 th century barcode, from the 177 Lincoln file (Fig. 5a, middle) . The combination of these two ssDNA probes permitted the complex 178 search query president AND (NOT 18 th century). Sequencing analysis of the gated populations 179 after reverse encapsulation validated that the sorted populations matched search queries for 180 president AND (NOT 18 th century), president AND 18 th century, and NOT president (Fig. 5a,  181 right; Supplementary Fig. 25) . 182 10 To demonstrate the possibility of performing Boolean search using more than three 183 fluorescence channels for sorting, we selected the Wolf file from the data pool using the query dog 184 AND wild, and used the black & white probe to validate the selected file (Fig. 5b, left) . Because 185 conventional FAS software is only capable of sorting using 1D and 2D gates, we first selected one 186 out of the three possible 2D plots (Fig. 5b, left and bottom) : dog-TAMRA against wild-AFDye 187 647. We examined the black & white-TYE705 channel on members of the dog AND wild subset 188 (Fig. 5b, left and bottom) . Release of the encapsulated file sequence and subsequent sequencing 189 of each gated population from the dog versus wild 2D plot validated sorting ( Fig. 5b, right;  190   Supplementary Fig. 26) . 191
The use of plasmids as a substrate for encoding information offered a convenient workflow 192 for restoring files into the data pool after retrieval. In cases where single images were sorted (Figs.  193   4c, 5a, b) , we were able to transform competent bacteria from each search query that resulted in a 194 single file (Supplementary Fig. 27 ). Amplified material was pure and ready for re-encapsulation 195 into silica particles, which could be re-introduced directly back into the data pool. Importantly, our 196 molecular file system and file selection process thereby represents a complete write-access-read 197 cycle that can in principle be applied to exabyte and larger-scale datasets. While sort probabilities 198 were typically below the perfect 100% targeted for a specific file or file subset query, future work 199 would be required to better characterize sources of error that may be due to sample contamination, 200 FAS error, or imperfect orthogonality of barcode sequences employed (Supplementary Fig. 6) 17 . 201
202
Outlook 203
We present a non-destructive molecular file system that is capable of both specific file selection 204
and Boolean logic search operations for random access of single files or file subsets in a data pool. 205 11 Our implementation easily scales by increasing the numbers of barcodes per file and query 206 fluorophores used for file selection, which can thereby address files in a larger-scale database for 207 random access and computation. For example, labeling each file using four distinct barcodes 208 instead of only the three used here renders it possible to label ! ".$×&' ( $ ) ≈ 10 "' files uniquely using 209 the existing pool of ~10 5 orthogonal barcodes 17 . Assuming an FAS system is capable of sorting a 210 single file from 10 6 others using each fluorescent channel alone, as demonstrated in this work using 211 a commercial FAS, one may theoretically sort a single file from 10 24 others using a conventional 212 four-channel FAS system. This file system would then in principle offer sufficient sensitivity and 213 specificity to select a single file from an exabyte or even yottabyte data pool. However, the time 214 needed to perform FAS scales linearly with the size of the data pool, which may be prohibitively 215 long even for exabyte-scale data pools using only 10-100 bytes per file. For example, 12 minutes 216 was required to select at least one hundred copies of the Airplane file in a data pool in which this 217 file has a relative abundance of 10 −6 compared with other files (Fig. 3) . This is in contrast to 218 selecting one hundred copies of the Airplane file in a data pool that contained equivalent numbers 219 of nineteen other files, which required only ~30 seconds. Thus, in order to search through an entire 220 exabyte-scale data pool within 24 hours, each file should consist of approximately 100 gigabytes, 221 assuming a typical commercial FAS device that searches at 10,000 files per second. In order to 222 reduce file selection time, future implementations of our molecular file system should therefore 223 leverage parallel microfluidics-based optical sorting procedures and brighter fluorescence probes 224 to increase selection throughput and sensitivity, and thereby reduce the pool search time. 225
Alternatively, direct magnetic pulldown of files labelled with biochemical or affinity tags may be 226 employed 30 . 227 12 Aside from speed and specificity of data access, data density is also of importance to DNA 228 data storage. Notably, both file size and data density can be tuned independently in our file system 229 by changing the information content of loaded DNA and the size of the silica particles employed 230 for encapsulation. While we used 6-µm silica core particles here in order to maximize fluorescence 231 signal-to-noise ratios for a commercial FAS instrument, this also limited volumetric density of our 232 DNA file system 3 . Specifically, using this approach an exabyte-scale data pool consisting of a 233 100-byte file per particle would require approximately 10 16 files and 1 m 3 total dry volume, or 10 18 234 bytes per m 3 . In comparison, PCR-based random access has a theoretical volumetric density limit 235 of 10 24 bytes per m 3 3 , although additional methods are required to prevent crosstalk between file 236 sequences and barcodes. To further increase the data density of our file system, future 237 implementations may benefit from using nanoparticles ~100-200 nm in diameter to encode files 238 9,19,20 and higher sensitivity FAS systems 34, 35 or direct biochemical, magnetic, or other pulldown 239 for file and data subset selection from the data pool. 240
Beyond increasing file selection speed and data density, utilization of spectrally distinct 241 fluorescent probes and discrete labeling intensities 26 would allow for far more complex and 242 efficient logical operations than demonstrated here 36 . Physical particle parameters including 243 forward and side-scatter could additionally be used to perform multi-dimensional sorting of 244 particles with different scattering cross-sections, with or without additional fluorescence channels 245 37 . Repeated cycles of file selection in series could also further increase selection fidelity. While 246 our technical approach differs significantly from approaches that rely on selective amplification 247 for block selection 8,12,16 , in which amplifications may reduce fidelity of file selection, PCR-based 248 random access approaches will typically have faster read-write times because they forgo 249 encapsulation and de-encapsulation steps required by our approach 9,19,20 , which is therefore ideally 250 13 suited to long-term, archival data storage and retrieval with periodic file and barcode renewal. 
